Graphene oxide (GO) is an oxidized form of graphene that is relatively cheap and easy to 20 produce. This has heralded its widespread use in a range of industries, with its likelihood of 21 release into the environment increasing accordingly. In pure culture, GO has been shown to 22
influence bacteria and fungi, but its effects on environmental microbial communities remain 23 poorly characterized, despite the important ecosystem services that these organisms underpin. 24
Here, we characterized the effects of GO and graphite, over time and at three concentrations (1 25 ng, 1 µg and 1 mg kg dry soil -1 ), on soil bacterial and fungal diversity using 16S rRNA and ITS2 26 gene amplicon sequencing. Graphite was included as a reference material as it is widely 27 distributed in the environment. Neither GO or graphite had significant effects on the alpha 28 diversity of microbial communities. The composition of bacterial and fungal communities, 29 however, was significantly influenced by both materials at all doses. Nonetheless, the effects of 30 GO and graphite were of similar magnitude, albeit with some differences in the taxa affected. some studies have shown that GO can act as a respiratory electron acceptor (Salas et al., 2010; 45 Wang et al., 2011) and promote the growth of bacterial cultures (Ruiz et al., 2011) . These studies 46
highlight that GO has the potential to affect soil microbial communities, which play fundamental 47 al. (2015) applied 1.0-2.0 g and 5 g GO kg soil -1 , respectively. These doses are equivalent to 81 between 62.5 thousand and 1.25 billion times the estimated annual rate of accumulation for CNTs 82 (Sun et al., 2014) . Hence, the effects of GO on soil microbial diversity are poorly understood, 83 particularly at concentrations approximating those deemed realistic for similar nanomaterials. In 84 addition, as previous studies have only considered bacterial communities, the effects of GO on 85 other important groups of soil organisms, such as fungi, are not known. 86 87 Finally, when characterizing the effects of nanomaterials on soil microbial diversity it is 88 important to include reference materials that provide a context with which to interpret changes 89 (Petersen, 2015) . For example, while a significant shift in microbial diversity may be observed in 90 response to a nanomaterial, the magnitude of such a change may be small in comparison to those 91 associated with material that are already widely distributed in the environment. Clearly, therefore, 92 this information is essential for the development of appropriate policy frameworks for the safe 93 and sustainable use of nanomaterials. Despite this, such reference materials were not included in 94 any of the previous studies concerning the effects of GO on soil microbial communities (Chung  95   et analyses were performed using the forward reads only. For 16S rDNA sequences, USEARCH 165 (v10.0.240) (Edgar, 2010) was used to perform the following steps: 1) primers were removed and 166 the residual sequences were trimmed to 250 bp using fastx_truncate; 2) high-quality sequences 167 were identified using fastq_filter by discarding reads with greater than one expected error (-168 fastq_maxee=1); 3) duplicate sequences were removed using fastx_uniques; 4) sequences were 169 clustered at 97% similarity into operational taxonomic units (OTU) and potential chimeras were 170 identified and removed using cluster_otus; and 5) an OTU table was generated using otutab with 171 default parameters from the pre-trimmed reads and the OTU representative sequences. 
Statistical analyses 191
For statistical analyses, we defined Treatment as the combination of applied substance (none for 192 the control, GO or graphite) and applied dose (1 ng, 1 µg or 1 mg kg dry soil -1 ). Hence, 193 Treatment was defined as a categorical variable with seven classes. In order to determine whether 194 the GO and graphite treatments significantly affected the alpha diversity metrics, we used a linear 10 mixed-effects model approach (Pinheiro and Bates, 2004) . Treatment (as defined above) and 196 Day, as well as their interaction, were treated as fixed effects, and soil containers (samples) were 197 treated as a random effect to account for the repeated measures. F-tests were applied to assess 198 significance (P<0.05), and were implemented in R using the lme4 ( The numbers of observed (Sobs) and predicted (Chao1) bacterial and fungal taxa, as well as the 223 phylogenetic diversity of bacterial communities (Faith's PD), were not significantly influenced 224 by any of the GO or graphite treatments relative to the controls throughout the experiment ( Fig.  225 1, S1). 226 227
Soil bacterial community composition 228
Relative to the controls, the composition of soil bacterial communities was significantly 229
influenced by the addition of GO and graphite, and these effects differed over time (P < 0.001). 230
Effects were observed for both materials at all doses except for the low GO dose on day 14 231 (Tables 1 and S1 ). Albeit significant, there was not a consistent direction of change in bacterial 232 community composition with increasing GO or graphite dose (Fig. 2 ). Bacterial community 233 composition differed significantly between all GO and graphite treatments (Table S2) The 100 OTUs that were most strongly associated with differences in community composition 241 between treatments were obtained from the multivariate generalized linear models (GLMs) and 242 assessed independently using univariate GLM models. Of these 49 were found to differ 243 significantly from the control in at least one treatment combination after Benjamini-Hochberg 244 correction for multiple comparisons (Fig. 3) . Four OTUs responded exclusively to GO: a member 245 of the Tepidisphaeraceae (OTU81, Planctomycetes) and an Oligoflexales (OTU363, 246
Deltaproteobacteria) that increased in relative abundance in the presence of GO; a 247 Ktedonobacteria (OTU1084, Chloroflexi) population which declined; and a representative of the 248 Acidobacteriaceae (OTU2196, Acidobacteria), which increased at some doses but declined at 249 others ( Fig. 3 ). An additional 30 OTUs, representing a broad-range of phyla, responded to both 250 GO and graphite (Fig. 3) . The remaining 15 OTUs, again of broad phylogenetic coverage, 251 responded exclusively to graphite (Fig. 3) . 252 253
Soil fungal community composition 254
Relative to the controls, the composition of soil fungal communities was significantly influenced 255 by the addition of GO and graphite at all doses (P = 0.001), and these treatment effects did not 256 differ significantly over time (Tables 2 and S3 ). As observed for bacteria, there was not a 257 consistent direction of change in the composition of fungal communities with increasing GO or 258 graphite dose (Fig. 4) . Fungal community composition differed significantly between all GO and 259 graphite treatments (Table S3 ). 260 261 Soil fungal communities were dominated by representatives of the Ascomycota, Basidiomycota, 262
Mortierellomycota, Mucoromycota and Chytridiomycota (Fig. S3 ). As for the bacteria, the fungal 263 treatments were obtained from the multivariate GLMs and assessed independently using 265 univariate GLM models. Of these, 16 OTUs were found to differ significantly from the control in 266 at least one treatment combination after Benjamini-Hochberg correction for multiple comparisons 267 ( Fig. 5) . 268
269
No fungal OTUs responded exclusively to GO; however, 10 responded to both GO and graphite 270 ( Fig. 5 ). In all cases the direction of response for these OTUs was the same for GO as it was for 271 graphite. Four of these OTUs were negatively associated with GO and graphite viz. Our study demonstrates that GO can significantly alter the composition, but not alpha diversity, 284 of soil bacterial and fungal communities at loading rates equal to, and beyond, those estimated for 285 the annual accumulation of other nanomaterials (e.g. carbon nanotubes, nanosilver, nano-TiO2 286 and nano-ZnO) in soils (Sun et al., 2014) . Nonetheless, our reference material, graphite, also led 287 to significant shifts in community composition, and these were of similar magnitude to those 288 observed for GO, albeit with some differences in the taxa affected. 289
290
Of the four previous studies that investigated the effects of GO on soil microbial communities 291 While there were significant differences in community composition between GO and graphite 319 amended soils, the majority of OTUs that discriminated between treatments, responded in a 320 similar manner to both materials. For example, 61% and 63% of discriminating bacterial and 321 fungal taxa, respectively, responded to both GO and graphite. In contrast, just 8% of 322 discriminating bacterial taxa, and no fungal taxa, responded exclusively to GO; while 31% and 323 38% of discriminating bacterial and fungal taxa, respectively, responded exclusively to graphite. al., 2011); however, we did not find evidence that respiratory pathways were affected by GO and 331 did not detect any taxa that are well-known to perform extracellular electron transfer. In summary, fewer populations responded exclusively to GO than to graphite; most responded to 333 both materials; and the numbers of positively and negatively affected taxa were about equal. 334 335 Despite lacking replication and/or statistical analyses, previous studies that investigated the 336 effects of GO on soil microbial diversity have drawn attention to apparent differences in the 337 relative abundances of ecologically significant taxa, such as those involved in nitrogen cycling. our study, just one Rhizobiales (OTU 195) population was affected by GO addition, and this 341 effect manifested as a decrease in its relative abundance at 7 days, followed by an increase after 342 14 days. Among the Rhodospirrilaeceae, we observed an increase in the relative abundance of 343 OTU 1929, and a decrease in the relative abundance of OTU 819 in response to GO addition 344 ( Fig. 3) . We did not detect any significant changes in the relative abundances of members of the 345
Nitrospirae in response to GO or graphite. To the best of our knowledge, the effects of GO on 346 soil fungal communities have not been previously examined. In pure culture, GO has been shown 347 to suppress the growth of Fusarium oxysporum, a species known to contain multiple plant 348 pathogens (Chen et al., 2014). Despite being present within our inventories, we did not detect 349 significant effects of GO on this species; however, the relative abundance of an unclassified 350 relative within the same genus (OTU 422) was observed to increase in response to both GO and 351 graphite addition (Fig. 5) . 352 353
Conclusion 354
As the use of GO increases, its release into the environment will rise. Our study demonstrates that 356 that GO and graphite can influence soil bacterial and fungal community composition, but that 357 their effects are of similar magnitude, albeit with some differences in the taxa affected. In light of 358 this finding, it is important that future studies examine whether GO-induced changes in microbial 359 diversity are likely to undermine the provision of soil ecosystem goods and services. Heatmap of the relative abundances of 16 fungal OTUs that differed significantly from the control in at least one treatment combination. The asterisks highlight which treatments differ significantly from the controls on each day (P < 0.05*, P < 0.01**, P < 0.001***). Each column of the heatmap represents the mean relative abundance of each treatment (n = 9). The bubble-plot on the left summarizes the number (circle size) of GO or graphite doses that an OTU responded to relative to the controls, and of these how many manifested as increases or decreases in relative abundance (circle color). The numbers below the bubble plot and heatmap show the total numbers of significant responses to a particular treatment relative to the control within the same day. The OTU IDs are consistent throughout the manuscript. The phylum and class of each OTU is indicated by the colors on the left of the heatmap and the affiliations associated with each color are shown at the bottom. GO and graphite doses correspond to 1 ng, 1 µg and 1 mg kg -1 soil. 
